Irisin was originally recognized as a hormone-like myokine secreted as a product of fibronectin type III domain containing 5 from skeletal muscle in response to exercise both in mice and humans. The first role attributed to Irisin was its ability to induce trans-differentiation of white adipose tissue into brown, but we recently demonstrated that Irisin also has a central role in the control of bone mass, even at lower concentration than required to induce the browning response. Considering how physical exercise is important for the development of an efficient load-bearing skeleton, we can now consider this myokine as one of the molecules responsible for the positive correlation between exercise and healthy bone, linking to the well-established relationship between muscle and bone. Recombinant Irisin (r-Irisin), administered at low dose in young mice, increases cortical bone mineral density and positively modifies bone geometry. Irisin exerts its effect prevalently on osteoblast lineage by enhancing differentiation and activity of bone-forming cells, through the increase in activating transcription factor 4 expression. Low-dose r-Irisin also increases osteopontin and decreases sclerostin synthesis but did not affect Uncoupling protein 1 expression in white adipose tissue, whose upregulation is known to cause browning of fat, when Irisin is administered at a higher dose. These findings offer an explanation to the positive outcome on the skeleton triggered by skeletal muscle during physical activity and prove that the bone tissue is more sensitive than the adipose tissue to the Irisin action.
Introduction
The benefits of exercise are widely recognized, so that physical activity is considered the best non-pharmacologic treatment for pathologies such as diabetes, cardiovascular disease, osteoporosis and obesity. 1 Notably, it is extensively reported that physical exercise has beneficial effects on bone mineral density (BMD), in particular during childhood and adolescence. 2 In adult, decrease in physical activity may lead to a progressive loss of bone mineral content, raising the incidence of osteoporotic fractures. 3 Even worse, disuse and weightlessness can remarkably affect bone physiology: astronauts lose bone mass 10 times faster than women in early menopause; 4 patients in vegetative state have high bone turnover and low BMD, which translates into a clinically relevant problem, as 20% of these patients develop spontaneous fractures. 5 An existing intimate relationship between skeletal muscle and bone has been established. Thus, several studies indicated that higher muscle mass is closely related to increased BMD and reduced fracture risk in post-menopausal women. Conversely, age-related muscle loss may be the main factor causing age-associated bone loss. 6 Furthermore, muscle and bone are simultaneously influenced by pathological states, such as glucocorticoid excess and vitamin D deficiency. 7 Despite this close association between muscle and bone, the effect on the skeleton created by muscle contractions has been mainly explained as the ability of osteocytes, the bone antenna-cells, to perceive signals produced by mechanical stimulation and shear stress due to fluid flow. 8 However, during the last decade, several lines of evidence have established that skeletal muscle is an endocrine organ producing and releasing myokines, which might be effectors of the positive outcome on the body triggered by physical activity. These myokines create a communication network in an autocrine/paracrine manner, not only within the muscle but also toward distant target tissues in an endocrine manner. For instance, it was recently found that contracting muscle cells secrete the metabolite b-aminoisobutyric acid, which mediates signaling processes in the white adipose tissue (WAT) and liver, inducing weight loss and increasing glucose tolerance in mice. 9 Of note, the newly identified myokine Irisin, produced by skeletal muscle after physical exercise, has recently drawn the attention as candidate therapeutic target to treat metabolic diseases. 10 Bostrom et al. observed that overexpression of PGC1a in mice muscle during exercise stimulated the production of the membrane protein fibronectin type III domain containing protein 5 (FNDC5), subsequently cleaved as Irisin and released to bloodstream. 10 The authors showed that Irisin was able to induce the so-called 'browning response' [11] [12] [13] [14] in WAT. During this phenomenon, a trans-differentiation program of white adipocytes [15] [16] or de novo beige/brite cell formation 13, 15, [17] [18] is induced by Irisin to shift from a WAT phenotype to a brown adipose tissue (BAT)-like phenotype, showing morphology, gene expression pattern and mitochondrial respiratory activity similar to those of classical BAT. 10 However, latest evidence has questioned the primary biological role of Irisin secretion by skeletal muscle. In fact, more recently, we demonstrated that Irisin also targets the bone tissue directly and, if administered at a lower dose than used to induce browning of white fat, it drives positive effects on cortical mineral density and improves bone strength and geometry in mice. 19 This recent result highlighted a new biological significance of Irisin, which might be a molecular link responsible for the yet poorly characterized bone-muscle unit ( Figure 1) .
Irisin, the Messenger of Healthy Bone-Muscle Unit
The first evidence showing that the myokine Irisin was linked to bone and muscle connection arose from our first study in which we demonstrated that medium enriched of Irisin, synthesized by cultured skeletal muscle cells of exercised mice, was able to enhance the differentiation of bone marrow stromal cells into mature osteoblasts in vitro. 20 More recently, the key evidence of a direct action of Irisin on bone has emerged by in vivo studies demonstrating that a low dose of recombinant Irisin (r-Irisin), which has no effect on fat, improves cortical bone mass and bone strength. We showed that tibiae of young male mice treated with r-Irisin exhibited a þ 7.15% increase in cortical BMD compared with those of mice injected with vehicle. 19 Moreover, the administration of Irisin also changed cortical bone geometry, as observed by the increase in mineral apposition rate, bone formation rate, periosteal circumference and polar moment of inertia. The increase in BMD and the improvement of bone geometrical architecture are recognized parameters used to define high bone quality. [21] [22] [23] Cross-sectional geometrical properties have been extensively used to measure long bone resistance to axial torsion. Recently, the polar moment of inertia was preferred rather than cross-sectional geometry because it better measures resistance of a long bone to torsion around a particular axis, taking into account the cross-sectional area but also the distribution of bone tissue around the neutral axis. 24 Tibia of Irisin-treated mice showed a greater polar moment of Inertia ( þ 19%) than control mice, indicating that Irisin treatment might maximize bone to become more structurally efficient for bending and torsion, in order to induce an optimal stress transfer and physical performance. Accordingly, three-point bending tests on tibiae of Irisin-treated mice showed that bending strength and energy to fracture were increased by þ 65% and þ 9.5%, respectively. 19 Conversely, Irisin did not induce any change in trabecular bone, and this result was somewhat expected considering that young mice, used for this study, have a healthy trabecular pattern. However, this is also in line with previous literature data reporting that cortical bone is more sensitive to myokines or other anabolic factors released by muscle. [25] [26] [27] Notably, change in the expression myostatin, also released from skeletal muscle, undergoes opposite direction to Irisin release following exercise, as it has been shown that myostatin signaling is inhibited by acute resistance exercise. 28 In addition, myostatin knock out mice displayed BATexpansion, an effect mediated by the AMPK-PGC1a-FNDC5 pathway in skeletal muscle. 29 As well recognized, myostatin, besides being a critical autocrine/paracrine inhibitor of skeletal muscle growth, negatively regulates bone metabolism. 27 Accordingly, it is plausible that there may be an inverse relationship between Irisin and myostatin synthesis.
The Action of Irisin on Bone-Forming Cells
The action of Irisin on osteoblast differentiation is receptor mediated, as Erk phosphorylation is stimulated within 5 min of Irisin application. The increased differentiation and activity of bone-forming cells was proved by upregulation of activating transcription factor 4 (Atf4) and, consequently, by enhancement of a number of alkaline phosphatase (ALP)-positive colonies and nodules of mineralized matrix. Consistently, ALP and collagen I mRNA expression were upregulated upon Irisin treatment in vitro. 19 In vivo data showed higher Atf4 expression in bone marrow of Irisin-treated mice, suggesting a substantial commitment of osteoblast precursor toward osteogenesis. 19 Accordingly, the expression of osteopontin (OPN), one of the most abundant bone matrix protein, was found higher in tibiae of mice treated with Irisin. 19 In several studies, OPN expression was shown to be modulated in response to mechanical stimulation 30, 31 and, therefore, it has been defined as a mechanically responsive gene. 32 Consistently with the loading-mimetic function of Irisin, this myokine might be the mediator of loading-induced increase in OPN expression.
Interestingly, the expression of sclerostin, one of the Wnt/b-catenin pathway inhibitors, [33] [34] [35] was found strongly downregulated in tibiae of Irisin-treated mice. 19 In agreement with these results, sclerostin is known as one of the key proteins involved in mechanical loading, as demonstrated by Robling et al., 36 who showed that Sost expression was decreased by loading, resulting in increased bone formation. Although these data suggested a powerful effect of Irisin on Sost inhibition, thus confirming that this myokine exerts loading-mimetic functions, further studies will be required to understand whether Irisin also exerts direct influence on osteocytes, which are the mechano-receptors of bone and are considered the primary source of Sclerostin.
A Possible Combined Direct and Indirect Effect of Irisin on the Skeleton
The firstly described role for Irisin was its ability to induce the so-called 'browning response' in white fat adipose tissue. 10 During the same time, it has been reported that this inducible form of brown adipose (iBAT) is anabolic for the skeleton. 37 Studies on transgenic mice overexpressing FoxC2 in the adipose tissue, a well-established model for BAT induction, showed that these mice displayed a higher trabecular bone mass, as compared with age-matched WT animals, due to increased bone formation, triggered by Wnt10b and IGFBP2, two pivotal bone anabolic molecules released from BAT. 37 Another work by Zhang et al. 38 demonstrated that therapeutic treatment of normal and obese mice with r-Irisin at a dose of 3500 mg kg À 1 per week strongly induced the browning The exercise-hormone Irisin improves bone health G Colaianni and M Grano expansion in white fat depots. In our experiments, we used a lower dose of r-Irisin (100 mg À 1 kg per week) that was effective on bone but not sufficient to induce the browning response, ruling out an indirect action of Irisin on bone mass via iBAT. 19 However, our findings did not exclude the possibility that Irisin, if used at higher dose, could exert a synergic effect by directly stimulating new bone synthesis through osteoblasts and through BAT expansion.
Irisin Synthesis Beyond the Muscle and its Autocrine Action
In our studies, we also demonstrated that the highest expression of the Irisin precursor, FNDC5, was found in the muscle tissue, although it was also detectable to a considerable extent in brain and bone tissues. Modest levels of Irisin precursor were also found in BAT, inguinal WAT and epididymal WAT, as already demonstrated by others. 39 Roca-Rivada et al. defined Irisin as the new adipokine with autocrine and endocrine activity, demonstrating that FNDC5/Irisin has a different pattern of secretion depending on adipose tissue type. 39 Besides skeletal muscle and adipose tissue, it has been shown that Irisin might have a role in the central nervous system, as demonstrated by studies that revealed that rat and mice cerebellar Purkinje cells expressed FNDC5, 40 which is also required for the adequate neural differentiation of mouse embryonic stem cells 41 and regulates hippocampal neurogenesis in a dose-dependent manner. 42 The key role of Irisin in neuronal differentiation and function gains particular relevance for neurodegenerative diseases, such as Alzheimer and Parkinson, and it may represent the molecular explanation for the positive correlation between physical activity and healthy brain.
The Human 'sport-hormone'
Although the powerful effect of the newly discovered hormone Irisin has been largely confirmed by results in rodents, whether these effects translate to humans needs to be better elucidated. Throughout the past 2 years, studies in humans have tried to clarify the role of Irisin in physiological conditions and in disease states. With regard to the skeleton, Irisin levels were found inversely correlated with serum sclerostin levels in adults, independent of age or gender. 43 Likewise, post-menopausal women showed inverse correlation between Irisin levels and vertebral fragility fractures. 44, 45 Conversely, Irisin measured in athletes was positively associated with bone density and strength, 46 supporting the idea that Irisin could have a protective role on bone health. Unfortunately these studies, as many other human studies in which Irisin levels were measured by ELISA assays, have been debated because of poor antibody specificity that may have given artifacts. 47 These authors also claimed that the start codon of the human FNDC5 gene is mutated from the normal ATG to ATA, which would be translated to protein with extremely low efficiency, 47 although there are numerous examples of proteins being expressed from unusual start codons. 48 Very recently, Jedrychowski et al. 49 have developed a quantitative mass spectrometry and unbiased assay for the detection of human Irisin in plasma. In this work, authors showed that human Irisin circulates at B3.6 ng ml À 1 in sedentary individuals, and its concentration significantly increased to B4.3 ng ml À 1 after aerobic physical activity. This elegant work provides an accurate state-of-the-art technique, which confirms that human Irisin is nevertheless regularly translated from its non-canonical start codon and unequivocally demonstrates that human Irisin is not a myth, rather this myokine exists and its synthesis is increased by physical activity.
Conclusion
The discovery that the exercise-induced myokine Irisin has profound effects in enhancing bone mass and improving its geometry adds another milestone to the biological evidence, supporting the existence of a tight relationship between the muscle tissue and the skeleton. The new revealed role for Irisin as a mediator of this connection could better clarify the molecular mechanisms underlying the positive effect of physical exercise on bone. Purposefully designed studies in Figure 1 The myokine Irisin, produced by skeletal muscle during physical activity, acts directly on osteoblasts by stimulating their differentiation and activity, thereby improving bone quality and strength.
The exercise-hormone Irisin improves bone health G Colaianni and M Grano osteoporotic murine models should shed further light on the potential exercise-mimetic action of Irisin in inhibiting or restoring bone loss. Therefore, extension of these findings on human patients could encourage the use of Irisin as a therapeutic strategy for the prevention and treatment of osteoporosis during menopause, aging, immobility, muscle wasting (sarcopenia) and the absence of mechanical load (microgravity).
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